

























It is shown that the paradox is absent, the Bell’s inequalities are not informative and
should be replaced by a definite ratio. The atomic cascade experiments are shown to prove
nothing. Experiments with neutron interferometer on measurement of “contextuality” and
Bell-like inequalities are explained.
1 Introduction
The EPR paradox [1] is formulated as follows: one supposes that the wave function ψ(x1, x2)
completely describes the system of two particles, and then on one side one can logically prove
that one of the particles has precisely defined position Q and momentum p, and on the other
side one knows that this is forbidden by noncommutativity of their operators [Qˆ, pˆ] 6= 0. So one
has a contradiction which was interpreted [1] as incompleteness of quantum mechanics (QM).
The formulated contradiction is known as the EPR paradox. We shall show that paradox
appears only because of definition of “precise values” of physical quantities as eigenvalues of
their operators. We shall show that it is necessary to define them as expectation values, then
noncommutativity of operators does not forbid forQ and p to have precise values simultaneously,
and the EPR paradox disappears.
The EPR paradox was later reformulated [2] in terms of particle’s spins. It was logically
proven that one of the particles has precisely defined all the spin components, while it is
forbidden by noncommutativity of Pauli matrices σx,y,z. According to [2], if x-component of
particle’s spin is precisely defined, the other two are uncertain as if they are fluctuating. We
shall mathematically show that particle can have all the components of spin precisely defined
with no fluctuations.
The Bell’s inequalities [3], which are considered as a borderline between classical and quan-
tum physics, are shown to be noninformative, and a definite ratio is proposed instead of them.
In the case of a scalar particle decay into two spinor ones it is necessary to measure the ratio of
coincidence count rates of two opposite detectors with parallel and antiparallel analyzers. This
ratio is predicted to be 1/2. In the case of atomic cascades it is necessary to measure the ratio
of coincidence count rates of two opposite detectors with orthogonal and parallel analyzers.
This ratio is predicted to be 1/3. The analysis of all the atomic cascade experiments [4, 5, 6, 7]
shows that they prove nothing but the data can be rearranged to prove validity of the predicted
ratio.
At last the neutron interferometer experiments [8, 9] are analyzed and reinterpreted. It
is shown that the Bell-like inequalities and “non-contextuality” are irrelevant to these exper-
iments because they deal with pure quantum mechanical interference effects. The physical
interpretation of these experiments is given.
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2 Criticism of EPR
In the [1] p. 778 it is claimed (numeration of formulas are the same as given in original papers.
We only added some symbol, denoting the paper):
“If ψ is an eigenfunction of the corresponding
operator A, that is, if
ψ′ ≡ Aψ = aψ, (epr1)
where a is the number, then the physical quantity
A has with certainty the value a whenever the
particle is in the state given by ψ.”
In particular, the momentum p is precisely defined for the wave function represented by a plane
wave
ψ = exp(2piip0x/h), (epr2)
because the momentum operator pˆ = (h/2pii)d/dx has the eigen value p0.
“Thus, in the state given by Eq. (2), the mo-
mentum has certainly the value p0. It thus has
meaning to say that the momentum of the par-
ticle in the state given by Eq. (2) is real.”
In such a state, however, we can say nothing about particle’s position. According to EPR [1]
we can
“only say that the relative probability that a
measurement of the coordinate will give a result
lying between a and b is
P (a, b) =
b∫
a
|ψ(x)|2dx = b− a. (epr6)
”
2.1 First inconsistency
It is immediately seen, that P (a, b) in (epr6) is not a probability, because it is not dimensionless.
For P (a, b) to be a probability the wave function must be a normalized wave packet:
b∫
a
|ψ(x)|2dx = 1, (1)
and therefore
P (a, b) =
b∫
a
|ψ(x)|2dx 6= b− a. (2)
However wave packets are not eigen functions of the momentum operator pˆ, therefore according
to [1] we do not have the momentum a real quantity!
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It is common in QM to limit consideration to some volume L and to represent the eigen
function of pˆ in the form L−1/2 exp(ikx). Then everything looks correct. However, selection of
finite L is equivalent to imposition of periodic boundary conditions and the plane wave is to
be replaced by
ψ(x) = φ(x) exp(iqx)/
√
L, (3)
where φ(x) is a periodic function with period L, and q is the Bloch wave number. This wave
function is not an eigen function of the operator pˆ = −ih¯d/dx. If we substitute in (3) the









φn exp(i[q + 2pin/L]x)/
√
L, (5)
which shows that p does not have a unique value. So, according to [1], it does not have a certain
value and it is not real. Therefore, if we use a plane wave for description of a particle,
we should reject configuration space completely. In that case the momentum also
completely looses its meaning.





With it we have no difficulty with uncertainty relations, and we are able to define precise
position and momentum of a particle simultaneously. For example, the Gaussian wave packet
has precisely defined velocity, which is absolutely equivalent to classical velocity, and it has the
precisely defined position, which can be identified with the packet maximum. The uncertainty
relation ∆p∆x ≥ h¯/4 has no physical meaning. It only relates the width of the wave packet
in space to that of its Fourier image. Since the uncertainty relation does not forbid precise
definition of particle’s position and momentum, the EPR paradox, or contradiction, does not
exist.
2.2 The second part of the EPR paper
The first part of [1] is related to definition of elements of reality and their precise values. The
second part shows how one can deduce simultaneous existence of position Q and momentum p
for one of two particles.
The two particles are considered to interact at some time and then go far apart. Their
wave function after separation is Ψ(x1, x2). This function can be expanded over eigen functions
un(x1) of an operator Aˆ or eigen functions vn(x1) of an operator Bˆ, which does not commute









where ψn(x2) and φn(x2) are only expansion coefficients.
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Now, if we measure Aˆ of the particle 1, and find its value ak, we immediately find that the
state of the particle 1 is described by the wave function uk(x1), and the state of the particle 2
is described by the wave function ψk(x2). Since particles 1 and 2 do not interact we can deduce
that ψk(x2) of the second particle is real.
However, if we measure Bˆ of the particle 1, and find its value br, we immediately find that
the state of the particle 1 is described by the wave function vr(x1), and the state of the particle
2 is described by the wave function φr(x2). Since particles 1 and 2 do not interact we can
deduce that φr(x2) of the second particle is also real. Therefore,
“it is possible to assign two different wave func-
tions (in our case ψk(x2) and φr(x2)) to the same re-
ality (the second system after the interaction with the
first.)”
However, what is the most paradoxical,
“it may happen that the two wave functions
ψk(x2) and φr(x2) are eigenfunctions of two non-
commuting operators corresponding to some
physical quantities P and Q, respectively.”











δ(x− x2 + x0)h¯dxδ(x− x1).
And they concluded
“Starting with the assumption that the wave
function does give a complete description of the
physical reality, we arrived at the conclusion that
the two physical quantities, with noncommuting
operators, can have simultaneous reality.”
Since, according to [1] it is impossible, therefore the quantum mechanics is not a complete
theory.
We see again that the paradox is related to noncommutativity, which is important, if certain
values of a physical quantity are defined via eigen values. If we replace this definition with
expectation values the paradox disappears. We can easily imagine a wave function of the form
Ψ(x1, x2, t) =
∫
ψ(x1 − pt)f(p)dpψ(x2 + pt), (7)
where ψ(xi − pt) are wave packets, and f(p) is probability amplitude that particles after an
interaction are going apart with opposite momenta p. Their positions at a time t are de-
termined by, say gravity centers, of their wave packets at points x1,2 ∓ p = 0. They have
precisely defined momenta and positions (though not eigenvalues), and this does not contradict
to noncommutativity of operators and the uncertainty relations.
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3 Bohm-Aharonov formulation of the EPR paradox
There are no feasible experiment to check original EPR paradox. A modified version is presented
in [2], and it is here, where we can clearly demonstrate unimportance of noncommutativity.
Instead of scattering experiment the paper [2] considers decay of a scalar molecule into
two atoms with spin 1/2. Because of Fermi statistics the spin wave function of two atoms is





where ψ±(1) refers to states of atom A with spin projection ±1/2 on an arbitrary selected axis,
and ψ±(2) refers to states of the atom B with spin projection ±1/2 on the same axis.
After atoms have separated
“enough so that they cease to interact, any de-
sired component of the spin of the first particle
(A) is measured. Then, because the total spin
is still zero, it can be concluded that the same
component of the spin of the other particle (B)
is opposite to that of A. ”
After this citation the paper continues “If this were a classical system there would be no
difficulties, in interpreting the above result, because all components of the spin of each particle
are well defined at each instant of time.” However in quantum theory there is a problem:
“In quantum theory, a difficulty arises, in the
interpretation of the above experiment, because
only one component of the spin of each particle
can have a definite value at a given time. Thus, if
the x component is definite, then y and z compo-
nents are indeterminate and we may regard them
more or less as in a kind of random fluctuation.”
We want to show here that all components of the spin arrow of a particle have precise values
like in classical physics, and for a single particle there are no fluctuations. The “spin arrow” s
is defined for any spin state |ψ〉 as
s = 〈ψ|σ|ψ〉, (8)
where σ = (σx, σy, σz), and σx,y,z are well know Pauli matrices. Indeed, every single neutron









where Ω is a unit vector with components (sin θ cosϕ, sin θ sinϕ, cos θ), θ, ϕ are polar angles,










1This representation is valid for arbitrary unit vectorΩ except one: Ω = (0, 0,−1), but a single point doesn’t
matter.
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are normalized eigen states of the matrix σΩ with eigen values ±1, i.e. σΩ|ψ
±Ω〉 = ±|ψ±Ω〉.
Spin arrow a in these states is defined as the vector
s = 〈|ψΩ|σ|ψΩ〉 = Ω. (11)
It is equal to the unit vector Ω, along which the particle is polarized. So, it is absolutely true
that, if we could measure a component sx = Ωx of the particle A, we would immediately predict
with certainty that the projection sx of the spin-arrow of the particle B is precisely −Ωx, and
all the other components have precise values. They do not fluctuate, though we do not measure
them. We see that the spin arrow is an absolutely classical object. Spinors and spinor states
are mathematical objects, which help us to construct the classical quantity — spin arrow.
However there is a word “measurement”, which is frequently used, and in reality we cannot
measure the value of the spin arrow component. We measure only particles, and our measuring
devices are filters. Measurement means that we have an analyzer, which filters from all the
states of the incident particles only, say, the x component of their polarization. The filtering is
an active action, which changes the state of the particle. If the particle is in the state (9), then
after the filter, which filters sx-component, its state becomes
|ψf〉 = 1 + σx
2




|ψx〉 ≡ fx|ψx〉 ≡ . (12)
The probability that the filter will transmit the particle is equal to
w(Ω→ x) = |fx|2 = 1 + Ωx
2
, (13)
which is very natural. Of course, after filtering the particle 1 will be in the state ψx, but the
second one will remain in the state ψ
−Ω, and it contradicts to nothing!
We can easily construct the wave function of two spinor particles inside the primary scalar
one, as an isotropic superposition of particles with opposite spin arrows. Indeed, the state (ba1)



















where ξ, χ denote particles, going after decay to the right and left respectively, indices ξ, χ of
numerators of fractions show that the operators should act upon the spinor states |ξ+〉, |χ+〉,
which are identical spinors equal to






and integration in (14) is over solid angles range equal to 2pi, i.e. over the right half of a sphere.
This limitation is necessary to preserve antisymmetry of the spinor wave function and to have
the total spin of the scalar particle to be zero instead of a superposition of states with spin 0
and 1.

















which is identical to (ba1).
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After decay we arrange our devices on both sides of the decaying particle, so we know that
they are separate and with some probability are polarized along±Ω directions. (The probability
amplitudes has different sign with respect to interchange of particles flight direction. However
the sign does not affect the probability itself.) If we were so lucky as to guess the direction Ω of
the spin arrow of the first particle |ξ〉, going to the right, and arrange our measuring apparatus
precisely along it, we would be able with absolute certainty predict the direction of the spin
arrow of the second particle |χ〉, going to the left, and, therefore, all its components. However,
in general, we are not so lucky. We cannot see the spin arrow of a given particle. We can only
use some filters, say a magnetic mirror, which is magnetized, say, along vector b, and reflects
neutrons into detector only with some probability. If the neutrons are polarized along Ω, the
probability is equal to
w = 〈ψΩ|1 + σb
2
|ψΩ〉 = 1 + (bΩ)
2
. (16)
After reflection the particle A becomes in the state |ψb〉, but it does not mean that the
particle B, going to the left is in the state |ψ
−b〉. It remains in the state |ψ−Ω〉, and one can
measure, or filter it along any direction, but its projection on −b axis could be determined
precisely, if we were able to find probability for a single event.
3.1 Bell’s inequalities
It is useless to repeat and repeat derivations of Bell’s inequalities [3]. It is more useful to derive
a single physical relation testable in experiments. In the case of a scalar molecule decaying into
two spin half atoms this relation is the ratio of coincidence count rates of the two atoms, when
analyzers are parallel to that, when analyzers are antiparallel. It will be shown below, that this
ratio is 1/2 contrary to common belief that this ratio is to be zero.
3.2 Derivation of the ratio
Let’s consider the scalar molecule, in the state (ba1), decaying into two spin 1/2 atoms, and
first, let’s show, how people deduce that the count rate for parallel analyzers is zero.
We can imagine the scalar molecule before decaying as a composition of these two spin 1/2
particles with the spinor wave function represented by Eq. (ba1). If we ask the question, what
is the probability to find both particles in the molecule with the same direction Ω of their spin













































We made the calculations in full details to show, that the zero is obtained only because of
interference, or because of contribution of the cross terms.
Therefore, in a scalar molecule represented as an entangled state of two spinor atoms,
probability to find both atoms with the same direction of spin is zero. This is evident, however
what will happen after decay? Before decaying there are no left and right sides. After decay
the state of two atoms changed. They acquire a new parameter: direction of their flights. So,
if we arrange analyzers far away on both sides of the molecule in the same direction, will we
see some coincidence in count rate of atoms? We say yes, and prove it.
Indeed, after decay the two particles go apart with arbitrary direction of the spin arrow.
This direction is a hidden parameter. It is a unit vector homogeneously distributed over half
of the sphere. If we were able to measure it we would have a classical picture.
The wave function can be represented as shown in (14), and the probability of transmission



















Since the particles are far apart there are no interference cross terms, and antisymmetry does
not play any role for calculation of probabilities.














where ρ(λ) is probability distribution for the hidden parameter, and w(λ, b), w(λ,a) are prob-
abilities to count the particle when analyzers are along a and b directions.










w(a,a) = 1/6, w(a,−a) = 1/3, (22)






We see that the coincidence count rate for parallel analyzers is only two times less than that
for antiparallel ones, though before decay it was zero. It is well understandable. The atoms
after decay go apart with opposite polarizations. But axis of this polarization is random. If
both analyzers filter the same direction, the probability for both atoms to be registered is larger
than zero, because their polarization axis in general is at an angle with respect to that of the
analyzers.
3.3 Experiments with photons
Most of experiments, however, were performed with photons. It was proposed in the same
paper [2]. However it was considered there a decay of electron-positron pair. Such an experiment
is also difficult, and most of experiments were done with cascade decay of an excited atom into
two photons.
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3.3.1 The first experiment with photons
The first such experiment is presented in [4]. It measured photons from cascade 61S0 →
41P1 → 41S0 in calcium. To understand, what correlation between photon polarizations can be
expected, the authors write:
“Since the initial and final atomic states have
zero total angular momentum and the same par-
ity, the correlation is expected to be of the form
(ǫ1 · ǫ2)
2. ”
It means that the photons wave function inside the atom can be represented as
|ψ〉 = 1√
2
(CxCx + CyCy)|ψ0〉, (24)
where |ψ0〉 is vacuum state and Cx,y are creation operators for photons with polarizations along




[|x, x〉 + |y, y〉]. (25)
However, since the total electric field of the two photons should be zero their function is better




where the first letter is related to the photon going to right, and the second one — to the left.






|ξ(φ),χ(pi + φ)〉, (27)
where ξ and χ denote particles going to the right and left respectively like in (14). Before
decaying the projection of this wave function on two filters oriented along a and b is








cos(φ) cos(φ+ pi − ϕ), (28)
where ϕ is the angle between a and b. After integration we get
〈aξ, bχ||ψ〉 = − 1√
2
cos(ϕ), (29)
which shows that projection is zero for ϕ = pi/2. Probability of such projections is
|〈aξ, bχ||ψ〉|2 = 1 + cos(2ϕ)
4
. (30)
Now, we shall calculate the ratio of coincidence rates for two photons in the cascade trans-
mitted through orthogonal analyzers to that of parallel ones.
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3.3.2 Derivation of the ratio
To calculate the ratio we need to calculate the probability that after decaying the two photons
will go through the two above filters oriented along a and b at the left and right respectively.
This probability is
















We immediately see that for ϕ = 0 or pi the probability is 3/8, and for ϕ = pi/2 it is 1/8! So







It is very important to notice that the probability to have coincidence with orthogonal filters
is not zero. It is only three times less comparing to coincidences with parallel filters! It is also
important to note that (31) can be also represented as











so it differs from the result (30) only by a constant!
Figure 1: Scheme of the first experiment with cascade photons [4].
Let’s look at the experiment [4]. Its scheme is shown in fig. 1, and results are demonstrated
in fig. 2. We clearly see that the background can be accepted at the level 40 counts, therefore
coincidence counts with parallel filters is equal to w(0) ≈ 100, and coincidence counts with
orthogonal filters is w(pi/2) ≈ 30. At the presented precision level there is a good agreement
with w(pi/2)/w(0) ≈ 1/3.
However the authors, though absolutely honest, are very reluctant to accept such interpre-
tation. Their conclusion is shown in the following citation,
“The results of a 21-h run, shown in Fig. 2. in-
dicate clearly the difference between the coinci-
dence rates for parallel and perpendicular orien-
tations. They are consistent with a correlation
of the form (ǫ1 · ǫ2)
2. ”
and the discrepancy at the level of 30% they attribute to 6% transmission of crossed filters, as
is documented in the caption of fig. 2. This is the EPR hypnosis!
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Figure 2: Results for coincidence counts with different delays obtained in the experiment [4].
4 The experiments by Aspect a.o.
The experiments by Aspect a.o., and in between them the first one [5], are commonly accepted as
an experimental proof of violation of the Bell’s inequalities. The experiment [5] is very similar
to the one, described in [4] but instead of 6 1S0 state they excited 4p
2 1S0 state, and they
measured coincidence rates at different angles of two analyzers. Let’s look at the experimental
results, shown in fig. 3.
Figure 3: Results of the experiment [5].
This result can be described as (30) and not as (31), however the difference is only in a
constant term 1/8, and in normalization. We shall not discuss the normalization, because it is
more or less arbitrary, but subtraction of the constant term is very important. Let’s look, how
it was done.
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“Typical coincidence rates without polarizers are
240 coincidences per second in the null delay
channel and 90 accidental coincidences per sec-
ond; for a 100-s counting period we thus obtain
150 true coincidences per second with a standard
deviation less than 3 coincidences per second.”
Suppose that in 90 coincidences, they subtracted, 15 were indeed accidental ones, but re-
maining 75 were not accidental. If you add these counts you will find that at angle ϕ = pi/2
you have 75 counts and at ϕ = 0 you have 225 counts. So their ratio is 1/3. In that case
there is no contradiction to quantum mechanics, and there are no spooky action at a distance.
Everything is in accordance with our calculations.
In the next experiment [6], where photons on both sides were registered by two detectors for
not to miss particles of different polarizations, there were also subtracted accident coincidences.
The way they were decided to be accident, and their number are shown in the following citation:
“Each coincidence window, about 20 ns wide,
has been accurately measured. Since they are
large compared to the lifetime of the interme-
diate state of the cascade (5 ns) all true coin-
cidences are registered. We infer the accidental
coincidence rates from the corresponding single
rates, knowing the width of the windows. This
method is valid with our very stable source, and
it has been checked by comparing it with the
methods of Ref. 5, using delayed coincidence
channels and/or a time-to-amplitude converter.
By subtracting of these accidental rates (about
10 s−1) from the total rates, we obtain the true
coincidence rates R±,±(a, b) (actual values are in
the range 0–40 s−1, depending on the orienta-
tions).”
From this citation we see again, that subtracted number of coincidences is of the order,
which can be expected for orthogonal directions of analyzers. So the experiments [5, 6] must
be reanalyzed.
The last experiment [7] is of the “delayed choice” type one. We think that such type of
experiments check nothing, since spooky action at a distance is absent. In conclusion we can
say that all cascade experiments prove nothing.
5 Experiments with neutron interferometer
The EPR paradox and Bell’s inequalities are related to so called entangled states like the one
shown in Eq. (ba1). In [8, 9] a neutron interferometer (scheme of the experiment is shown
in fig. ??) is considered as a device, producing entangled state of two commuting degrees of
freedom of a single particle
|ψ〉 = A1|ξy〉 exp(ikx1 + ϕ1)⊕A2|ξ−y〉 exp(ikx2 + iϕ2). (34)
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Figure 4: Generation of entangled state in interferometer
One degree of freedom is spin, and another one is the path the neutron propagates along after the
first beam splitter. The first term in (34) describes the neutron propagating along path 1 after
the beam splitter in spin state |ξy〉, and the second term describes the same neutron propagating
after the beam splitter along path 2 with the spin state |ξ−y〉. To achieve different spin states
along two paths there is after the beam splitter a a magnet m with strong inhomogeneous
field, which according to Stern-Gerlach effect directs neutrons, in state |ξy〉 along path 1 and
the neutrons in state |ξ−y〉, — along path 2.
At the beam splitter b two terms of (34) recombine and give two new beams, one of which
(the beam H) propagates toward the detector H and another one (the beam O) propagates
toward the detector O. The spin state of the beam O can be represented as
|ψO〉 = A [|ξy〉+ r|ξ−y〉 exp(iϑ)] , (35)
where A and r some constants (r is real), and phase ϑ can be varied by the phase shifter ps
(see fig. ??). The state (35) is a spinor state |ψO(b)〉 polarized along some direction b:
|ψO(b)〉 = C I + bσ√
2(1 + bz)
|ξz〉, (36)
where C is a normalization constant, determined from
|C|2 = 〈ψO(b)||ψO(b)〉 = |A|2 [〈ξy|+ r〈ξ−y| exp(−iϑ)] [|ξy〉+ r|ξ−y〉 exp(iϑ)] = |A|2(1 + r2).
(37)






[〈ξy|+ r〈ξ−y| exp(−iϑ)]σ [|ξy〉+ r|ξ−y〉 exp(iϑ)] =
=
(2r sinϑ, 1− r2, 2r cosϑ)
1 + r2
, (38)
and |b| = 1.
In the experiment [8] there was also a spin rotator sr (see fig. ??), which rotated spin
around x-axis to any desirable angle φ, and after spin rotator there was also an analyzer, which












1 + r2 +
√
(1− r2)2 + 2r2 cos(2ϑ) cos(2ϕ+ α)
]







We see that intensity in the detector O oscillates proportionally to cos(2ϕ + α), its phase
depends on phase shift ϑ, and the contrast of oscillations
V =
1 + r2 −
√
(1− r2)2 + 2r2 cos(2ϑ)
1 + r2 +
√
(1− r2)2 + 2r2 cos(2ϑ)
also depends on ϑ.
It is interesting to check the dependence of IO on different parameters. However the goal
of [8] was different. It is revealed in the first paragraph of the paper [8]
“The concept of quantum noncontextuality rep-
resents a straightforward extension of the clas-
sical view: the result of a particular measure-
ment is determined independently of previous
(or simultaneous) measurements on any set of
mutually commuting observables. Local theo-
ries represent a particular circumstance of non-
contextuality, in that the result is assumed not
to depend on measurements made simultane-
ously on spatially separated (mutually noninter-
acting) systems. In order to test noncontextu-
ality, joint measurements of commuting observ-
ables that are not necessarily separated in space
are required. ”
Something similar is presented also in [9]). Such a goal surprises very much, because to
prove violation of Bell-like inequalities and presence of contextuality means to prove that we
deal here with quantum phenomenon like interference, but here it is evident. The physics
becomes like the modern art, which requires respect (pity of ignorance), a lot of imagination,
but not understanding.
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